Despite the growing awareness of harmful algal blooms (HABs) in the United States and abroad, estimates of welfare losses due to their presence are missing from the literature. Using a mail survey of 767 Ohio Lake Erie recreational angler respondents and a choice experiment, this study provides the first empirical quantification of the economic impacts of HABs on U.S. recreational anglers. Our results demonstrate a significant and substantial willingness to pay by anglers for reduction in HABs, beyond the benefits associated with conventional water quality measures such as catch rates and water clarity. For instance, we find that anglers are willing to pay $8 to $10 more per trip for one less mile of boating through HABs en route to a fishing site. This finding suggests that explicit measures of HABs need to be collected and considered when valuing water quality in nutrient-rich bodies of water. We evaluate the welfare improvements resulting from several nutrient reduction policies, and find that anglers are willing to pay on average $40 to $60 per trip for a policy that cuts upstream phosphorus loadings by 40%. The majority of welfare gains for anglers result from improving the non-catchable component of the fishing experience, notably water clarity and HAB reduction, as opposed to better chances of angler success.
Over the past few decades, there have been increases in both the incidence and extent of freshwater eutrophication and coastal hypoxia in the United States and across the globe (Diaz and Rosenberg 2008) , including the Great Lakes region, the Gulf of Mexico, the Baltic Sea in Europe, and Lake Taihu in China. Algal blooms, or the excessive growth of algae, is a common feature. Although more than 300 algal species may cause the blooms, only one-third of them are deemed toxic algae, and thus aptly termed as a "harmful algal bloom" (HAB; Hudnell 2010) . Cyanobacteria, especially those sub-species that could produce toxins such as microcystis, are of particular concern. In 2011, the western basin of Lake Erie experienced a cyanobacteria blue-green algae growth of unprecedented size and severity (Michalak et al. 2013) , while a 2015 bloom was ever larger and more severe (Stumpf et al. 2016) . The HABs in Lake Erie are also often accompanied by a significant and ever-growing hypoxic zone-a zone of low or no dissolved oxygen, which is often greater than 4,000 km 2 in the summer months (Scavia et al. 2017) . The primary cause of the HAB and hypoxia in Lake Erie and the Great Lakes region is the excessive inputs of nitrogen and phosphorus, mainly due to crop and livestock production in upstream agricultural watersheds (Michalak et al. 2013) . As a result, the State of Ohio developed a statewide nutrient reduction strategy in 2013 that targets a 40% reduction in total phosphorus, as well as spring total and dissolved reactive phosphorus (DRP) entering Lake Erie from upstream watersheds in the western Lake Erie basin (Ohio Environmental Protection Agency 2013) .
These cyanobacteria HABs have severely compromised multiple ecosystem services provided by Lake Erie, including recreation opportunities, public health, and safe drinking water. A prime example is that in 2014, the algal toxins in Lake Erie disrupted the water services in the City of Toledo, resulting in millions of residents left without safe drinking water for two or more days (Raymond 2015) . Ohio Environmental Protection Agency (EPA) estimated that approximately $3 billion per year is being incurred to deal with algal toxins in Ohio public water systems (Westrick et al. 2010; Raymond 2015; U.S. EPA 2015) . In addition, these toxic cyanobacteria such as microcystis pose public health risks to human and animals: in 2010 alone, there were 10 suspect illness cases in Lake Erie (Ohio.gov 2016) , and a cyanobacteriaproduced liver-toxin, microcystin, was also detected in the fish from Lake Erie (Wituszynski et al. 2016) , leading to advisories of consuming only one fish per week from Lake Erie due to concern about HABs. 1 Dubbed the Walleye Capital of the World, Lake Erie is home to a $1.5 billion sport fishing industry for over two million anglers, and has what is considered world class walleye and small bass fisheries (Lucente et al. 2012) . Lake Erie also boasts a wide range of recreational destinations that offer beach-going, fishing, and boating, and has $3.5 billion in residential housing stock within half mile of the Lake Erie shoreline (Bingham, Sinha, and Lupi 2015) . Scientific studies have shown that HABs can lead to fish kills, thereby posing a threat to the fishery industry through the creation of hypoxic conditions (Diaz and Rosenberg 2008; Rucinski et al. 2010) . However, HABs are also odorous and unpleasant, even if they do not directly affect fish catch rates (Hudnell 2010) .
A large body of literature has been devoted to the economic valuation of benefits resulting from water quality improvements, using both revealed preference and stated preference methods (Phaneuf and Smith 2005; Viscusi, Huber, and Bell 2008; Egan et al. 2009; Whitehead et al. 2010; Kosenius 2010; Fenichel, Abbott, and Huang 2013; Hynes, Tinch, and Hanley 2013; Van Houtven et al. 2014) . More specifically, numerous studies have examined the willingness to pay for fishing trips and for changes in fishing site characteristics in the Great Lakes region (Provencher and Bishop 1997; Bogue 2001; Lupi, Hoehn, and Christie 2003; Melstrom and Lupi 2013) as well as for Lake Erie in particular (Hushak, Winslow, and Dutta 1988; Kelch et al. 2006) . However, none of these studies evaluate welfare losses from HABs; rather, they valued changes in catch rate or water clarity improvements.
Two recent unpublished reports suggest that the number of fishing trips to Lake Erie is declining in recent years due to rising algal toxin levels (Weicksel and Lupi 2013; Bingham, Sinha, and Lupi 2015) ; however, these descriptive reports rely on yearly aggregate summary statistics and back-of-the-envelope calculations. Wolf, Georgic, and Klaiber (2017) find that fewer people purchase licenses during HAB outbreaks, but they do not value the effect of HABs on trips or the fishing experience. Recently, Palm-Forster, Lupi, and Chen (2016) estimated the welfare losses from simulated HAB-induced Lake Erie beach closures using benefit transfer, but did not collect primary data or actually model changes in HABs. Kosenius (2010) used a choice experiment to examine willingness to pay of the Finnish public for nutrient reductions in the Baltic Sea, but it focused on the general public rather than recreational users directly impacted by HABs. In sum, there is a lack of clear identification of economic impacts of HABs beyond conventional water quality improvements such as catch rates and water clarity.
This study has three objectives: (a) to assess Lake Erie recreational anglers' willingness to pay for water quality improvements; (b) for the first time, to discern whether there is an economic impact of HABs on U.S. anglers, and (c) to quantify the magnitude of that impact on Lake Erie's sport fishing industry. We hypothesize that Lake Erie recreational anglers have a considerable willingness to pay for a reduction in HABs in Lake Erie. Previous studies have shown that recreational anglers differ in preferred species and fishing success, as well as non-catchable components of the fishing experience (see, e.g., Bergstrom and Cordell 1991; Rosenberger and Loomis 2001; Melstrom and Lupi 2013) , which result from heterogeneous underlying preferences across recreational anglers. Because HABs are a relatively recent phenomena, and their impacts vary across space and time (both within and across years), the possibility of a bloom can introduce additional uncertainty in the fishing experience and potentially amplify the preference heterogeneity.
2 For example, recent trawl surveys reveal that the hypoxic zone could induce the concentration of fish populations near the edge of hypoxia, resulting in new spatial variations in catch rates (Kraus et al. 2015) . We investigate these anglers' heterogeneous preferences through a mail survey of 767 Ohio recreational angler respondents in 2014. To assess preferences, we employ a choice experiment with varying water quality characteristics at Lake Erie fishing sites. Specifically, respondents were asked to choose their favorite hypothetical fishing site, characterized not only by conventional water quality attributes such as walleye catch rates and water clarity, but also a new measure of HAB intensity-miles of HABs the anglers have to boat through before reaching their preferred fishing destination.
Using multiple discrete choice models, we estimate anglers' demands for a reduction in the size and intensity of HABs, as well as conventional water quality betterment such as improved water clarity and increases in walleye catch rates. The models we estimate are a conditional logit model (CL), a random parameters logit model (RPL), a latent class model (LCM), a scaled multinomial logit (SNL), as well as a generalized multinomial logit (G-MNL) model that combines the features of RPL and SNL. We also estimated RPL models with correlated random parameters. One common problem of the traditional CL model is that it assumes fixed preference parameters for all anglers and thus has restrictive substitution patterns due to its Irrelevance of Independent Alternative (IIA) assumption. RPL, LCM, SNL, and G-MNL all relax this assumption, and are used to assess heterogeneity in preferences among Ohio recreational anglers for HAB reduction and other water quality improvements. We estimate multiple alternatives to the CL model as robustness checks.
We expect substantial variations in the anglers' underlying preferences for fishing success and water quality attributes. The anglers could have fundamentally varying taste in a host of issues such as which fish species to target, whether to fish in the shoreline or from a boat, as well as caring only about fishing success or about the impact of HABs on the fishing and boating experience as a whole. This heterogeneity could result in differences in a household's awareness, knowledge, and past experience of HABs in Lake Erie (Stumpf et al. 2016 ). This could also result from the individual constraint that anglers' choices are based on, such as income, time availability, health status such as skin allergy to algae, and boat ownership (Phaneuf 2013) . The evergrowing HABs in Lake Erie amplifies the underlying preference heterogeneity, and could impact not only the pleasure of a trip en route to and at the specific fishing site, but also affect the ability to catch fish, especially through the ecological response of a fish population to HAB-induced hypoxia (Kraus et al. 2015) . The models we estimate differ in how they introduce the heterogeneity. The RPL and LCM models account for unobserved taste heterogeneity by allowing for continuous or discrete random coefficients for observed variables, while SNL allows for scale heterogeneity, which captures the randomness of the decision-making process via a general scaling up or down of the entire vector of attribute weights (Keane and Wasi 2013) . G-MNL has features from both RPL and SNL, but allows for greater correlation among coefficients in a more general functional form (Fiebig et al. 2010) . G-MNL could also be viewed as a special case of RPL with fully correlated random parameters (Hess and Train 2017) .
We find substantial willingness to pay for water quality improvements in Lake Erie, regardless of model specification: Typical anglers are willing to pay $8 to $10 per trip for one less mile of HAB through which they need to boat before reaching the desired fishing site, $37 to $51 per trip for one less hour needed to catch one more walleye, and $65 to $96 per trip for an improvement in water clarity from murkier conditions to clear. While there is a wide range of values for water quality improvements among the respondents, the average willingness to pay is robust and stable across all models. We focus our welfare analysis on the two G-MNL models with normal and lognormal mixing because they account for various forms of heterogeneity and they allow for correlation among coefficients through the scale parameter. Allowing for correlation is important, we argue, because HABs have little effect on catch rates (the traditional measure of welfare) while strongly affecting other measures of fishing experience or cost. While the G-MNL-II with normal mixing has better goodness-of-fit and out-of-sample forecast accuracy in our application, the G-MNL-II with lognormal mixing has theoretically consistent signs and thus welfare measures. Using an integrated model that couples our recreational demand model with a three-dimensional lake hydrodynamic-lower food web model, we evaluate the welfare improvements from three nutrient reduction policies that managed to reduce total and dissolved phosphorus from the western Lake Erie basin by 10%, 20%, and 40%, respectively. Our results find that Ohio recreational anglers are willing to pay $40 to $60 per trip for a policy that would cut DRP by 40%. The estimates represent a 16% to 24% loss over the aggregate consumer surplus for Ohioans angling in Lake Erie if we assume 10% of trips to Lake Erie were affected by HABs in a normal year. In addition, we show that the welfare gains from these policies are mainly from improvements that could enhance the non-catchable components of the fishing experience, namely water clarity and reduction in HAB size, as opposed to increases in catch rates.
This article makes several contributions to the literature of non-market valuation of ecosystem services. First, this is the first study to demonstrate that harmful algal blooms, a growing environmental concern in the United States and abroad, lower recreational anglers' welfare. Second, we showcase the recreational anglers' willingness to pay for HABs reduction above and beyond conventional water quality measures, suggesting that limiting water quality measures to traditional ones such as water clarity or catch rates could lead to an underestimate of welfare improvements. This also suggests that more research is needed to distinguish what are the most salient measures of water quality in recreational demands to account for emerging issues like HABs. Third, our welfare analysis based on an integrated ecological-economic model suggests that the economic improvements of nutrient reductions are mainly manifested through the non-catchable component of the fishing experience rather than changes in walleye catch rates. Finally, while our models reveal evidence of heterogeneous preferences, our results are remarkably robust across specifications, yielding mean WTP for water quality improvements that are quite similar. This finding is encouraging for welfare analysis and could result from stable angler preferences as well as a successful survey design. The remainder of the article is organized as follows: we first describe the estimation methodology, followed by the description of the data and survey design. We then present the results of the discrete choice models, which include the estimation of the welfare measures associated with various nutrient management policies. Finally, we discuss some of the implications of the models and conclude.
Methodology

Discrete Choice Models
The Random Utility Maximization (RUM) model has become the standard statistical economic framework in models of recreational demand (McFadden 1974; Freeman Herriges, and Kling 2014) . In a choice experiment setting, respondents are asked to choose among alternative recreational destinations or policy options that are characterized by various attributes. The RUM model posits that an individual chooses the alternative that yields the highest expected utility among a number of alternatives on any given choice occasion. Assume that recreational angler i has J possible multiattribute fishing sites from which to choose in the choice experiment setting; the utility U ijt that angler i derives from alternative j in choice situation t is given by
where V ijt is the observable indirect utility from visiting fishing site j, and e ijt is the error term that captures the unobserved, stochastic element of the utility. The conditional logit model (CL) has been the most widely-used discrete choice model in recreation demand studies. With a CL model, utility can be represented by
Here, X ijt is a vector of perceived site attributes including travel cost, and b is the corresponding coefficients for these attributes, while the error term e ijt is independently and identically drawn from a type-I extreme value distribution.
As shown in equation (2), CL assumes the equality of the utility functions across the respondents, and thus results in homogenous taste parameter estimates. However, previous studies have shown that heterogeneity is a defining feature of nonmarket valuation (Phaneuf 2013) due to both multiple observed and unobserved factors driving recreation demand and heterogeneous individual characteristics and preferences. In addition, the estimation of only average preferences, as in CL-or misspecification of the taste distribution more generally-may lead to biased welfare analysis and incorrect representation of the value of recreation sites with particular attributes that appeal to a subset of the population (Train 2009; Fiebig et al. 2010) .
In recent years, discrete choice modelers have accounted for the unobserved heterogeneity in tastes and preferences with several additional approaches. However, there is no single alternative that is viewed as superior to all other alternatives. Currently, the two most popular approaches in empirical applications are the random parameters logit (RPL) model and the latent class model (LCM). Both of these models allow for individual preference variations, thereby relaxing the IIA property. These approaches, however, have differing distributional assumptions. RPL allows for individual-specific, random coefficients on observed attributes and assumes a continuous distribution for individuals' preferences:
As shown in equation (3), b is the vector of mean attribute utility weights in the population, while g i is the angler i's specific deviation from the mean. Theoretically, the mixing distribution for b i in the RPL model can be anything, but it is commonly specified as multivariate normal. LCM, on the other hand, models the parameter heterogeneity across individuals with a discrete distribution that is a function of individual characteristics. The respondents are grouped into a few (K as in equation [4]) "discrete" segments or classes that remain latent for the researcher. Within each class k, the preferences are homogenous (Greene and Hensher 2003) :
Several researchers such as Louviere, Hensher, and Swait (2000) argue that the taste heterogeneity in most choice contexts can be better described as "scale" heterogeneity-meaning that for some anglers, the scale of the idiosyncratic error term is greater than for others. To better understand what scale heterogeneity means, rewrite the simple CL model in equation (1) with the scale of the error term, r, made explicit instead of being normalized to one:
The scale heterogeneity logit (S-MNL) model assumes that r is heterogeneous in the population and hence denotes the value for angler i by the scalar random variable r i , we thus obtain
In equation (5a), all heterogeneity is in the variance of the error term, while the b vector is homogenous. However, heterogeneity in scale is observationally equivalent to a certain type of heterogeneity in utility weights (Keane and Wasi 2013) . Multiply equation (5a) by the random scale variable r i we obtain equation (5b), which can be interpreted as a RPL model with b i ¼ r i Ãb. As a result, heterogeneity in S-MNL takes the form of the vector of utility weights and b is scaled up or down proportionally across the respondents by the scaling factor r i
While the S-MNL provides an alternative way of introducing preference heterogeneity compared to RPL with normal mixing or LCM, the scaling factor r i in S-MNL has to be positive for all individuals and is commonly assumed to follow an exponential distribution. As a result, the vector of random coefficients b i for all respondents must have the same sign, which is not imposed in the RPL model. If we assume generally positive valuation for improvements in water quality attributes, S-MNL could avoid negative WTPs imposed by RPL with normal mixing. Depending on whether the coefficient for the price is adjusted by the scaling factor or not, S-MNL could have S-MNL with and without price or travel cost scaled. More recently, efforts have been made to develop a model that nest S-MNL and RPL with normal or lognormal mixing. Specifically, Fiebig et al. (2010) developed a model called the generalized multinomial logit (G-MNL) model, which models the heterogeneity distribution as a continuous mixture of scaled normal or even lognormal.
The normal mixing RPL and S-MNL are both special cases of G-MNL model (Keane and Wasi 2013) . The general form of G-MNL model is given by
where the parameter c determines how the standard deviation of the random coefficients is scaled: in particular, when c ¼ 0, we obtain a model called G-MNL-II in which the standard deviations of the random coefficients g i are scaled proportionally to their mean attribute weights. In this study, we employ this specific model, G-MNL-II, which starts with normal mixing RPL and multiplies through r i :
It is important to note that the RPL models can be estimated with correlated random parameters and this particular G-MNL-II model can be viewed as a restricted form (Hess and Train 2017). 4 In the choice experiment setting, each individual i makes a sequence of T choices. The unconditional probability of an angler i choosing site j in the sequence of choice scenarios can be represented by
In this formulation, L t jb i ð Þ is the familiar logit probability that captures the conditional probability of choosing site j in choice scenario t, and f b; X ð Þis the density distribution with mean b and variance-covariance matrix parameters X to be estimated from the data. Further, V ijt denotes the observed utility of choosing site j in choice scenario t, and the last equality follows from the standard assumption of the utility being linear in attributes. The density f b; X ð Þ can be specified to be discrete as in LCM or continuous in b as in any other aforementioned models.
Welfare Analysis Using Models Integrated with a Three-dimensional Coupled Lake Hydrodynamic-Lower Food Web Model
For the welfare analysis, we integrate the RUM model with a dynamically coupled lake hydrodynamic lower food web model known as ELCOM-CAEDYM specifically calibrated for Lake Erie (Zhao et al. 2009; Fraker, Zhao, and Ludsin 2015) , which could simulate the changes in water quality attributes resulting from changes in the discharge of nutrients from Maumee, with a focus on the occurrence and extent of HABs. In particular, the hydrodynamic Estuary and Lake COmputer Model (ELCOM; Hodges and Dallimore 2006) is designed for spatially explicit, three-dimensional numerical simulation of hydrodynamics and thermodynamics of stratified inland and coastal waters, including water current and temperature patterns. Moreover, it is dynamically coupled with the Computational Aquatic Ecosystem DYnamics (CAEDYM; Hipsey 2008) to simulate the water and sediment chemical and biological processes, such as nutrient cycling, growth of various phytoplankton and zooplankton species including cyanobacteria, and sediment resuspension. ELCOM and CAEDYM together are able to generate spatially explicit (2x2 km scale) simulations of temporal variation in such lake characteristics as oxygen concentration, secchi depth, nutrient concentrations (e.g., N, P), algal production (e.g., cyanobacteria), and zooplankton production including fish population (Fraker, Zhao, and Ludsin 2015) . 5 In short, the coupled ELCOM-CAEDYM model simulates attribute changes from X 0 i to X 1 i ; and it has been applied to Lake Erie to investigate nutrient and phytoplankton dynamics (e.g., Leon et al. 2011 ) and hypoxic conditions (Bocaniov and Scavia 2016) .
For CL, RPL, S-MNL, and G-MNL, the welfare changes for individual i from an attribute change from X 0 i to X 1 i and conditional on individual taste b i , measured by compensating variation (CV), follows the standard utility difference expression (Hanemann 1991) ,
where c b ip is the parameter estimate of travel cost, b b i is the vector of estimated random parameters for angler i, while V 1 i and V 0 i are the utility evaluated in the policy case and in the business-as-usual case, respectively. This CV measure can be interpreted as the average welfare change per choice occasion, in which each angler chooses to fish or not and which site to go to. Since the fishing trips are realized choice occasions, the CV measure could be interpreted as per-trip WTP if we do not consider those choice occasions for which the anglers choose to stay home. The parameter vector b b i is uniform across individuals for the CL model, and varies across individuals for RPL, S-MNL, and G-MNL-II models and should be calculated following equations (3), (5b), and (7), respectively. For example, b
For RPL, S-MNL, and G-MNL models, the compensating variation measures have to be approximated by simulation from draws of the estimated distributions for the random parameters (see Train 2009 for simulation methods). For LCM with K classes, the welfare measures have to be weighted by the predicted class membership probabilities
where c p ik is the estimated posterior probability the angler i of being assigned to class k (Boxall and Adamowicz 2002) . In this article, RPL and LCM are estimated using mixlogit (Hole 2007 ) and lclogit packages (Pacifico and Yoo 2012) in Stata 13, respectively, while S-MNL and G-MNL are estimated using gmnl package (Gu, Hole, and Knox 2013) in Stata 13 and R (Sarrias and Daziano 2017) .
Data and Survey Design
Following Dillman's Tailored Survey Design framework (Dillman, Smyth, and Christian 2014) , we conducted a general mail survey on Ohio anglers' 2013 sport-fishing daytrips to Lake Erie in spring 2014. Questionnaires were mailed to a sample of recent Ohio fishing license holders from 2011-2013 drawn from the Fishing License & Permit Sales database of the Ohio Department of Natural Resources. The sample was screened to include only anglers that were 18 years of age or older, and those who purchased fishing licenses in the previous three years. We employed a stratified random sampling method in which we oversample anglers from counties close to Lake Erie. Specifically, 2,500 anglers were drawn from counties alongside or close to the western or central basin of Lake Erie, while another 500 anglers were chosen from all other counties in Ohio. Figure 1 shows a map of the western Lake Erie basin, including the Maumee River watershed, which is the largest in the Great Lakes Region and contributes, by far, the largest volume of sediment and nutrient loadings into Lake Erie (Reutter, Network, and Team 2011) . The number of sampled anglers from each county is proportional to the share of anglers from this county in the fishing license database.
We conducted one focus group interview with eight anglers, as well as a pilot survey with 16 separately randomly selected anglers via mail as well as online. These focus group discussions and pilot survey responses were instrumental in helping us identify key elements of the choice experiment, especially the measure of the extent of HABs. In particular, these early participants were presented with several alternative measures of HABs, such as the number of HAB occurrences over a typical fishing season, the probability of experiencing a HAB while fishing, and the maximum areal extent of HABs. We chose to represent the size of algal bloom as the distance of an algal bloom that the angler would need to boat through (from the shoreline) to get to the fishing site, because according to our focus group and pilot survey respondents, it was easier for anglers to understand and more relatable to their fishing. After all, a higher HAB probability or a larger maximum areal extent may not impact their individual fishing experience. A copy of the questionnaire is attached in the online supplemental appendix.
We then mailed two rounds of survey packets to these 3,000 sampled anglers in midJanuary, 2014 and early-March, 2014. A final reminder card was sent out late-March, 2014. We broke the sample into three subsamples and employed three different modes of incentives for each subsample: for the first 1,000 anglers, a $1 bill was included in the first round of mailings. For the other 2,000 anglers, a name card was included in the survey packet and each respondent could choose to fill the card out to enter a lottery to win Home Depot gift cards. For the second 1,000 anglers, three gift cards with amounts of $200, $150, and $100, respectively, were available for the lottery winners while the last 1,000 anglers could enter the lottery to win one of six gift cards valued at $75. The $1 incentive yielded a 31.8% response rate, while the gift cards led to response rates at 21% and 23.9%, respectively.
We received 767 total responses, out of which 753 provided useable information for our general summary, leading to a 25% overall response rate. Of these 753, 566 individuals indicated that they fished in Lake Erie in 2013, and over 80% of the respondents were from counties near the lake. The bulk of trips came from individuals living along or near the lake, and most trips occurred in the summer and fall, with fewer trips in spring. Almost all anglers who fished in Lake Erie in 2013 are aware of algal blooms in Lake Erie, and 84% of them have recently experienced an algal bloom in recent years 6.8 times, on average (Sohngen et al. 2015) . We also asked how these anglers respond to HABs with multiple options that could be selected; 53% reported that they changed their fishing location, 16% did not go fishing, and 35% reported they did not change their fishing habits. HABs reduced fishing time for 34% of the anglers, but induced another 6% of respondents to spend more time fishing or to target different species (Sohngen et al. 2015) . Table 1 presents the comparison of demographic and socioeconomic characteristics of anglers in our sample with the sample of Ohio resident anglers, as well as U.S. anglers, who fished in the Great Lakes in 2011 National Survey of Fishing, Hunting and Wildlife-Associated Recreation (U.S. Fishing and Wildlife Service and U.S. Census Bureau 2011). Compared to the two samples from the national survey, our sample is skewed toward older anglers with higher household income and higher education, and consists of more anglers with a primary residence outside of a Metropolitan Statistical Area. As a result, we reweight the sample to be more proportional to the characteristics from the national sample when calculating aggregate welfare impacts. In addition, on average, the anglers in our sample have over 33 years of experience and one-third of them are retired.
This study used data from a section of the survey in which respondents were presented with six hypothetical choice experiment scenarios to determine individual preferences for fishing in Lake Erie. Each scenario had two alternative "hypothetical" walleye fishing sites in the lake. The sites vary with respect to five characteristics, including the expected walleye catch rate (1, 2, 4, and 6 hours per fish per person), water quality indicated by the size of algal bloom through which the anglers have to boat through to get to the fishing site (0, 4, or 8 miles), water clarity (very murky, somewhat murky, very clear), driving distance from angler's house to their preferred boat ramps (15, 30, 45 minutes) and the boating time from the ramp to the fishing site (20, 40, 60 miles). 6 
Figure 1. Study area -western Lake Erie basin
The range of these attributes are partially based on the information from the annual reports about Ohio's Lake Erie fisheries (ODNR 2014), as well as recent monitoring and forecasting by NOAA. In each scenario, the angler was asked to choose the walleye fishing trip that she would most prefer, with an option to choose neither of these two particular sites. We followed the D-efficient survey design principles (Ferrini and Scarpa 2007) , and constructed six blocks, 72 sets of choice scenarios following the SAS Macros developed by Kuhfeld (2005) . These choice scenarios were then randomly allocated to each angler. Figure 2 presents an example of the choice experiment scenario.
In the choice experiment models, we calculated the travel cost of driving from home to the nearest boat ramp, assuming the gasoline costs for driving on land are $0.52 per mile following the Internal Revenue Service (IRS 2014). We also assume that the opportunity cost of time is 33% of the wage rate (Cesario 1976) , and the wage rates are calculated from the annual income by dividing by 2,000 hours worked per year. We examine the robustness of the results using several alternative measures of the travel cost and wage rate. In particular, we dropped the portion of the vehicle depreciation from the gasoline cost and used $0.32 per mile following suggestions by an extensive review by Huang et al. (2016) , as well as alternative wage rate assumptions used by McConnell and Strand (1981) . In total, 77% of our angler respondents own a boat, among them 54% drive the boat to the lake while the remainder kept them at the marina. As a result we also use a higher gasoline cost, as high as $0.75 per mile, which is similar to, or smaller when compared to rates charged by Uber drivers in Ohio. Table 2 presents the regression results of four different discrete choice models with the p-values for the coefficients shown in the parentheses, including CL, CL coupled with interactions with past experience about HABs, and walleye chosen as the target species, G-MNL-II with normal mixing for all water quality characteristics, and a similar G-MNL-II model with lognormal distribution for walleye catch rates and HAB size. We use these different distributional assumptions because ecologists have shown that there is a correlation among various water quality attributes such as higher catch rates around edges of hypoxic zone (Kraus et al. 2015) and preference of juvenile walleye for somewhat murkier water as opposed to clear water (Ludsin, DeVanna, and Smith 2014) . Table 3 reports the results from a 4-class LCM, with the optimal number of classes selected based on the lowest Adjusted Bayesian Information Criterion (ABIC). Since it remains unclear which model is superior to other alternatives, we use multiple measures to compare and evaluate model performance. Specifically, the Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) measures the goodness-of-fit; the likelihood dominance criterion proposed by Pollak and Wales (1991) also measures the goodness-offit using log-likelihood while taking into account differences in degrees of freedom. Finally, we assess the models' out-of-sample prediction accuracy using a k-fold cross validation technique (Kohavi 1995) using crossfold package in Stata 13, as well as the prediction accuracy for the remainder of the sample based on estimation of a 75% of the angler sample. 7 We omit the results for RPL and SMNL because they are dominated by G-MNL-II both in terms of their ability to account for various sources of heterogeneity and correlation, and their goodness-of-fit and predictive accuracy. A comparison of model performance measures, including AIC, BIC, likelihood dominance criterion, and out-ofsample prediction accuracy using k-fold cross validation reveals that G-MNL-II and LCM outperform other models. We also estimated the RPL model with correlated random normal and lognormal parameters shown in table A1.1 in the online supplemental appendix, which yield slightly inferior or comparable goodness of fit statistics including AIC and BIC when compared to the two G-MNL-II models shown in the main text.
Results
We prefer these two G-MNL-II models with normal and lognormal mixing over the more widely used LCM because they account for multiple sources of preference heterogeneity and allow for correlation among water quality attributes via the scale parameter. The G-MNL models have mainly been Continued employed in the marketing science, health economics, or transportation studies, and less so in the non-market valuation literature. Due to its normality assumption, welfare estimates from the G-MNL-II with normal mixing can become negative, but this can be avoided by using a more theoreticallyconsistent lognormal parameter distribution instead. For this paper, we estimate both the G-MNL-II with normal mixing and with lognormal mixing.
In our results, G-MNL-II with normal mixing has better model fit and predictive accuracy, but the normality assumption results in negative welfare measures for water quality improvements and larger uncertainty for welfare measure. In contrast, the G-MNL-II model with lognormal mixing avoids these negative welfare measures, but it has an insignificant scale parameter, suggesting limited correlation among water quality attributes. This is problematic for our study because ecologists have showcased this correlation among various water quality attributes through their analysis of the interaction between catch rates and water clarity and hypoxic zones (Ludsin, DeVanna, and Smith 2014; Kraus et al 2015) . Further, we suspect that anglers' preference for clearer water may not hold if water clarity improves to a level that impedes fishing success or makes no further discernable improvement in the enjoyment of the boating ride. This suggests that it is useful to account for correlation among water quality attributes, but surprisingly the scale parameter for the G-MNL-II model with lognormal mixing is insignificant. Most of our model results are fairly robust across these two G-MNL-II models and other specifications, including the RPL models with correlated random parameters.
There are several things worth noting regarding the signs and magnitudes of the estimated coefficients and standard deviations. First, the mean estimated coefficients for the travel cost and water quality attributes have the expected signs across all discrete choice models shown in table 2. On average, Ohio anglers dislike fishing sites that are too far away and more costly; they prefer clearer water, higher walleye catch rates, and a smaller HAB size to boat through. Secondly, the models reveal substantial heterogeneity across the estimated coefficients for all four water quality attributes, confirming the importance of accounting for variations in preferences. This heterogeneity can be seen from the significant standard deviation coefficient and scale parameter in G-MNL-II, as well as the discrete classifications across Ohio recreational anglers revealed by LCM in table 3. In particular, anglers in class 1 care less about water clarity, while class 3 anglers do not value the improvements in walleye catch rates; class 2 and class 4 anglers both have balanced valuation towards water quality attributes, but class 4 anglers value water clarity more.
To better interpret the regression coefficients, we translate the regression coefficients into the marginal willingness to pay (MWTP) shown in table 4 following equation (9), which is often calculated using the ratio of estimated regression coefficient for one water quality attribute over the estimated coefficient for the travel cost. This could be interpreted as the average per-trip WTP across the six choice scenarios each angler faced in the choice experiment. While there is considerably wide distribution among individual anglers, as evidenced by the 99 th confidence interval also presented in table 4 and the spread shown in the MWTP distribution shown in figure A1 of the online supplemental appendix, there is remarkable stability across the various models in the average pertrip mean WTP for the water quality characteristics. For example, across the models, Ohio anglers are on average willing to pay $8 to $10 for one less mile of an algal bloom to boat through. Importantly, our results show that it is critical to include direct measures of HABs in recreational demand models of water quality beyond conventional water quality measures like water clarity and catch rates.
Currently, there are ongoing debates regarding which measures are best to use when modeling water quality (Ji and Keiser 2016) , our model suggests the importance of explicit and relevant measures of HABs for recreational demand involving eutrophic freshwater or marine ecosystems. Our model also revealed considerable preference heterogeneity amongst individual anglers, despite the stable mean WTP for water quality characteristics. For example, the LCM model shows that individuals in class 4 have the largest welfare losses, and tend to be older, likely retired, and male. Given this demographic, they potentially have more experience fishing, and thus the change in environment as a result of increasing HABs causes them more harm. We assess the stability of our model results through multiple robustness checks, including alternative model specifications, alternative gasoline cost and wage rate assumptions, as well as different ways of constructing the estimation samples. In particular, table A2 in the online supplemental appendix presents the marginal WTP for several versions of S-MNL and RPL models, as well as the RPL models with correlated random parameters. Further, table A4 shows the results for the G-MNL-II model for anglers located within 60 miles from Lake Erie's shore or in counties close to the shoreline only. Finally, table A4 showcases the results for models with alternative gasoline cost and wage rate parameters discussed in the previous section. These comparisons reveal that the mean WTP is stable across alternative model specifications and alternative angler samples. Finally, the robustness checks in travel cost parameters suggest that the mean WTP is more prone to changes in travel cost parameters than model specification changes.
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To evaluate the implications of nutrient management policies on water quality outcomes and the value that anglers place on improving water quality, we develop estimates of welfare benefits for three policy scenarios based on potential reductions in dissolved phosphorus loadings from the Maumee River watershed (see table 5 ). In particular, the three scenarios consider 10%, 20%, and 40% reductions in the dissolved reactive phosphorus loads. The large 40% reduction is based on the recommendation of Ohio's Lake Erie Phosphorus Task Force (Ohio Lake Erie Phosphorus Task Force 2013). For each policy scenario, we evaluate the impact on HAB size, water clarity, and walleye fishing population using the aforementioned threedimensional coupled Lake Erie hydrodynamic lower food-web model known as ELCOM-CAEDYM (Fraker, Zhao, and Ludsin 2015) , which could simulate the impacts of nutrient reduction on hypoxic conditions, secchi depth, algal production, as well as juvenile fish population. While the ELCOM-CAEDYM could simulate water quality outcomes at a refined 2x2 km spatial scale, we have to assume uniform average water quality changes because the choice experiment scenarios were not individualized. In other words, we implicitly assume that there are uniform characteristics across all Lake Erie fishing sites or there is only one fishing site in Lake Erie.
The following water quality attributes capture the current baseline condition of Lake Erie based on Ohio's Lake Erie fisheries report and NOAA's Lake Erie HAB bulletins: it takes roughly 2.2 hours on average to catch one walleye and three miles of HAB to boat through to reach the desired fishing site, and the water in Lake Erie is somewhat murky. The hydrodynamic model and a statistical model that links Maumee nutrient loadings and walleye catch rates (Ludsin, DeVanna, and Smith 2014) suggests that there would be no improvement in the walleye catch rates in the western and central basins of Lake Erie with a reduction in nutrient runoff. Recent fisheries studies also suggest that fish might over-accumulate around edges of the hypoxic zone, and thus walleye catch rates may not increase along with reduction in HABs and hypoxic zone (Kraus et al. 2015) . In contrast, a reduction in phosphorus loadings would reduce HAB size and it would improve water clarity. The models suggest that improvements in water quality are nonlinear, with the 10% and 20% nutrient reductions having a small effect in comparison to the 40% reduction. We also experiment with alternative configurations of nutrient policies such as a further reduction in HAB size to only a half-mile to boat through given a 40% phosphorus reduction, and a potential corresponding 25% increase in walleye catch rates. Table 6 shows the distribution of perchoice-occasion compensating variation (CV) across these three nutrient management policy scenarios and three discrete choice models following equations (9) and (10), which could be interpreted as the average welfare measure per fishing trip if we do not consider those choice occasions for which anglers choose to stay home. In other words, our CV measure does not consider changes in the number of trips in response to improving water quality. Intuitively, anglers' willingness to pay for the nutrient management policies increase with the magnitude of nutrient reduction, and anglers expressed the greatest gains in CV for a change from 20% nutrient reduction to 40% nutrient reduction. Importantly, we re-weight the samples when calculating the mean CV to be more aligned in age or income distribution with the national population who responded to the 2011 National Survey of Fishing and Hunting, including the Ohio resident anglers and U.S. anglers who fished in the Great Lakes (table A5 in the online supplemental appendix).
9 Specifically, Ohio anglers are willing to pay an average of $15 to $18 per trip for a 20% reduction in spring DRP loadings from the Maumee River watershed, and more than double that amount, $40 to $60 on average, for a 40% DRP loading reduction. This is consistent with the nonlinearity of the production of ecosystem services that a larger reduction in nutrient runoff is needed to generate sizeable ecosystem services. Similarly, as shown in the marginal WTP distribution, the average CV is robust and stable across various model specifications, suggesting that despite the significant heterogeneity across individual anglers, it may be more important and just sufficient for the welfare analysis if a careful survey design led to robust mean WTP measures.
The Ohio Department of Natural Resources (ODNR) estimates that there were 762,000 fishing trips to Lake Erie in 2013 by Ohio's 1.1 million anglers, with 63% of effort spent in the western basin and 26% of effort in the central basin (ODNR 2014) . The results from a separate travel cost analysis based on the number of actual trips taken marked on a map of Lake Erie by our respondents reveal that per-trip consumer surplus across all seasons for trips to the western basin of Lake Erie is around $39 per trip (see tables A7 and A8 in the online supplemental appendix), suggesting that the value of recreational angling to Lake Erie in Ohio is about $27.1 million per year. 10 In 2011, Lake Erie saw the most severe HABs in history until 2015, which led to a 25% to 30% decrease in the number of trips and private sport fishing effort compared to the 2012 fishing season (ODNR 2013). As a result, we assume that mild HABs would likely impact 10% of the 762,000 fishing trips, and as discussed earlier, Ohio recreational anglers are on average willing to pay as much as $40 to $60 per trip for a policy that would cut the DRP loadings from Maumee by 40%. This would lead to a $4 to $6 million welfare gain, which would increase annual consumer surplus of the Lake Erie sport fishing industry by 16% to 24%. This aggregate welfare measure is proportional to the number of trips affected: for example, it will double if we assume that 20% of trips were impacted by HABs. We also examined the stability of this welfare measure using several robustness checks presented in tables A6 and figure A2 in the online supplemental appendix, including assuming a further improvement in miles of HABs to boat through at only one-half mile given a 40% nutrient reduction, a 25% increase in anglers' catch rates, as well as alternative aggregation methods and separate mean CV measures for anglers who live in counties near the shore.
We also show heterogeneity in the CV measure across individual anglers in the sample, as expected, and the CV distribution across various model specifications. Our CV estimates are prone to changes in assumed travel cost parameters as well as water quality changes. For instance, tables A5 and A6 in the online supplemental appendix reveal that our welfare measures would be slightly overestimated if vehicle depreciation is not included in the gasoline cost, while on the other hand, the welfare improvement would be much greater if walleye catch rates improve as a result of nutrient reduction as well. In addition, due to the presence of a subgroup of high-valuation anglers, it seems that CL or RPL with normal mixing seem to shift the normal distribution upwards to account for the extremely high coefficients for these anglers and thus often results in a higher mean MWTP. However, this is only our empirical observation and more work is needed to examine how different distributional assumptions in these models impact the distribution of CV and its impact on welfare analysis.
Conclusion
Eutrophication and HABs in freshwater and marine ecosystems are a growing public environmental concern, both in the United States and worldwide. While extensive research has shown that agricultural nutrient loadings are the primary cause, and HABs and other resulting water quality degradations could compromise multiple valuable ecosystem services, the previous studies fail to quantify the welfare losses from HABs on recreational demand, drinking water, and related health impacts. Of particular interest, so far there is no assessment of the economic impacts of HABs on U.S. recreational anglers, especially for the Great Lakes region. Using a mail survey of 767 Ohio Lake Erie recreational angler respondents and a discrete choice experiment, we provide the first empirical evidence in the United States to discern and quantify the economic impacts of HABs on the Great Lakes recreational anglers. Specifically, we use a discrete choice experiment in which respondents were asked to choose their favorite hypothetical fishing site, characterized not only by conventional water quality attributes such as walleye catch rates and water clarity, but also an important, novel measure of HAB intensity-miles of HABs the anglers have to boat through before reaching their preferred fishing destination. Since no single alternative is considered superior to all others, we use multiple discrete choice models, including G-MNL, RPL, and LCM to account for heterogeneous preferences among Ohio recreational anglers.
We find significant economic benefits for Ohio recreational anglers associated with HABs reduction and other water quality improvements in Lake Erie, regardless of model specifications. Specifically, Ohio anglers are on average willing to pay as much as $8 to $10 for one less mile of HAB to boat through before reaching the desired fishing site. Despite significant variations in individual WTP among individual anglers, the mean WTP across multiple model specifications are fairly robust and stable. We also estimated the compensating variation for three different nutrient management policies that would reduce the agricultural phosphorus loadings from Maumee River watershed, the biggest tributary in the western Lake Erie basin and the largest source of nutrient impairment. On average, Ohio recreational anglers are willing to pay as much as $40 to $60 for a policy that would cut the dissolved reactive phosphorus loadings from Maumee by 40%, which would lead to a $4 to $6 million welfare gain, or a 16% to 24% increase in aggregate consumer surplus of Ohio's angling in Lake Erie, assuming 10% of trips are affected for the over one million Ohio recreational anglers.
This article provides the first empirical evidence that links HABs and excessive agricultural pollution in the Lake Erie watershed to significant losses in ecosystem services as shown by economic damages to a multi-billion dollar revenue recreational fishing industry. We also demonstrate the importance of explicitly representing HABs in recreational demand models beyond conventional measures of water quality. Further research is needed to evaluate the best measure for accounting for HABs in these models, and our survey design suggests that it is important to use a measure that recreational demand users could relate to through its direct impacts on their visit. The welfare analysis from an integrated economicecological model reveals that the economic improvements of nutrient reductions are mainly manifested through improved noncatchable components of the fishing experience rather than changes in fishing success.
There are several caveats in our welfare analysis for the nutrient reduction policies. For simplicity, we treat Lake Erie sites as one site with uniform characteristics in the welfare analysis, and future work with possible respondent interaction interfaces could ideally develop individualized scenarios based on the respondents' personal travel experiences and characteristics of their favorite sites. Our welfare measure per trip also implicitly ignored the choice occasions that did not result in fishing trips and kept the total number of trips constant. However, to the extent that improved water quality leads to more fishing trips by anglers, our welfare estimate could serve as a lower bound. Lastly, by focusing on a random sample of Ohio recreational anglers, we underestimate the economic damages to the entire Lake Erie recreational fishery due to the omission of anglers from Michigan, New York, Indiana, and Canada.
